Along with methane, methanol and methylated amines represent important biogenic atmospheric constituents, thus not only methanotrophs, but also nonmethanotrophic methylotrophs play a significant role in global carbon cycling. The complete genome of a model obligate methanol and methylamine utilizer, Methylobacillus flagellatus (strain KT) was sequenced. The genome is represented by a single circular chromosome of approximately 3 Mb pairs, potentially encoding a total of 2,766 proteins. Based on genome analysis as well as the results from previous genetic and mutational analyses, methylotrophy is enabled by methanol-and methylamine dehydrogenases, the tetrahydromethanopterin-linked formaldehyde oxidation pathway, the assimilatory and dissimilatory branches of the ribulose monophosphate cycle, and by formate dehydrogenases. Some of the methylotrophy genes are present in more than one (identical or non-identical) copy. The obligate dependence on single carbon compounds appears to be due to the incomplete tricarboxylic acid cycle, as no genes potentially encoding alpha ketoglutarate, malate or succinate dehydrogenases are identifiable. The genome of M. flagellatus was compared, in terms of methylotrophy functions, to the previously sequenced genomes of three methylotrophs: Methylobacterium extorquens (Alphaproteobacterium, 7 Mbp), Methylibium petroleophilum (Betaproteobacterium, 4 Mbp), and Methylococcus capsulatus (Gammaproteobacterium, 3.3 Mbp). Strikingly, metabolically and/or phylogenetically, methylotrophy functions in M. flagellatus were more similar to the ones in M. capsulatus and M. extorquens than to the ones in the more closely related M. petroleophilum, providing the first genomic evidence for the polyphyletic origin of methylotrophy in Betaproteobacteria.
INTRODUCTION
Methylotrophy is a metabolic capacity to grow on compounds containing no C-C bonds, such as methane, methanol, methylated mines etc. (1, 32) . While the role of methanotrophs in reduction of global emissions of methane has been well recognized (25) , less attention has been paid to non-methanotrophic methylotrophs as participants of the global carbon cycle. However, recent models estimate methanol emissions into the atmosphere at 82-273 Tg y -1 (living plants being the major source; 16, 20) , putting them on the scale similar to the scale of methane emissions (approx. 600 Tg y -1 ; 29) and pointing toward the global role of non-methanotrophic methanol utilizers. While no global modeling has been attempted for methylated amines production, they are known to be abundant in marine and freshwater environments and represent the dynamic constituents of not only carbon, but also nitrogen global cycles (36) . So far only nonmethanotrophic methylotrophs have been implicated in utilizing methylated amines (1, 32) .
Methylobacillus flagellatus strain KT utilizes methanol and methylated amines as single sources of carbon and energy and is classified as an obligate methylotroph (19) .
The strain has been isolated in early eighties from a metropolitan sever system (19) and selected as a prospective industrial strain, due to its high growth rates on methanol, high tolerance to methanol and also formaldehyde, high biomass yield and a high coefficient of conversion of methanol into biomass (2, 3, 6, 19) . Derivatives of the strain have been successfully generated aimed at commercial production of value added compounds (5, 17, 34) . In addition to its commercial potential, the strain became one of the most prominent models in studying biochemistry of methylotrophy as it presents a facile genetic system, with a variety of tools for manipulation such as suicide vectors for sitedirected mutagenesis, expression vectors, promoter probe vectors etc. (7, 13, 15, 27) .
Thus, the genome-based analysis of methylotrophy in this organism is complemented by a body of previous genetic and biochemical data. Based on 16S rRNA sequence, M.
flagellatus belongs to Betaproteobacteria and is most closely related to other members of Methylophilaceae (19) . The genomic sequence of M. flagellatus reported here presents an excellent study case for comparative analysis of molecular basis of methylotrophy in alpha-, beta-and gammaproteobacteria.
MATERIALS AND METHODS
Methylobacillus flagellatus strain KT (ATCC 51484) was from the laboratory collection. For the isolation of genomic DNA, cultures were grown in 100 ml of minimal medium (21) supplemented with 2% (W/V) methanol. Genomic DNA was isolated from late-exponential-phase cultures in accordance with the recommendations by the Department of Energy's Joint Genome Institute (DOE-JGI; Walnut Creek, CA). The genome was sequenced using the whole-genome shotgun method (13) and assembled using standard tools as described on the JGI website (http://www.jgi.doe.gov/ 
RESULTS

General genome features and basic functions
The (24) and Nitrosococcus oceany (31) . However, the function of these genes remains enigmatic (24) . for MDH subunits as well as other MDH functions are often found in the genomes of both methylotrophs and non-methylotrophs (9, 12, 22, 39, 44) . However, mutant analysis suggests that these homologs are not involved in methanol oxidation, and a MDH proper, composed of the small and the large subunits, is required (9) . Genes for biosynthesis of PQQ, the cofactor of MDH, were found in two separate clusters (pqqABCDE, Mfla1680-1683, 18) and pqqFG, Mfla734-735), similar to the clusters previously characterized in other methylotrophs (8, 22, 44) .
Methylotrophy
All the genes for MADH synthesis have been partially identified previously and all are present in a single cluster on the chromosome (mauFBEDAGLMNazu, Mfla547-556; 14, 15) . No genes with high homologies to the regulatory genes involved in methanol-or methylamine oxidation functions that have been characterized in M.
extorquens (8) or Paracocccus denitrificans (11, 23) are identifiable in the M. flagtellatus chromosome, pointing toward the existence of non-homologous regulatory systems.
Formaldehyde oxidation
Genes for two pathways for formaldehyde oxidation are present, the oxidative branch of the ribulosemonophosphate (RuMP) cycle and the tetrahydromethanopterin (H 4 MPT)-linked formaldehyde oxidation pathway ( Fig. 1 ). Based on experimental evidence, the former is the essential pathway and the latter is auxiliary (7, 27) . There are two enzymes that are specific to the RuMP cycle, hexulosephosphate synthase (HPS) and hexulosephosphate isomerase (HPI; 1). Two copies of hps were identified (Mfla250 and Mfla1654), one is part of a gene cluster previously identified in "Aminomonas aminofaciens" (an uncharacterized Methylobacillus species) and containing genes for histidine biosynthesis (40) , while the other is part of the previously characterized large methylotrophy gene cluster containing most of the genes for the H 4 MPT-linked formaldehyde oxidation pathway, the so-called "archaeal-like" gene cluster (27) . Genes for HPI (Mfla1653) and transaldolase (Mfla1655) are also found in this cluster. Physical linking on the chromosome of RuMP cycle genes and the H 4 MPT-linked pathway genes is so far unique to Methylophilaceae (27) . Like HPS, the first enzyme of the RuMP cycle, Fae, the first enzyme of the H 4 MPT-linked pathway (responsible for condensation of formaldehyde with H 4 MPT; 43) is also encoded by two different genes. The first is part of the main "archaeal" gene cluster (Mfla1652; 27), while the second (Mfla2543) does not appear to be linked to any recognizable methylotrophy genes. The proteins translated from the two genes are 83% identical. In addition to the two bona fide fae, two fae homologs are present, previously designated as fae2 (Mfla2524) and fae3 (Mfla2364), and the functions of these genes remain unknown (27) . Four additional "archaeal-like" genes involved in H 4 MPT-linked formaldehyde oxidation pathway (afp, orf20, orf19, orf22, Mfla1579-1582) form a separate gene cluster (27) .
The product of HPI, fructose 6-phosphate (P) is converted to glucose 6-P by phosphoglucoisomerase (1). A single pgi gene is identifiable in the genome (Mfla1325), not linked to any other C 1 genes. The genes encoding glucose 6-P dehydrogenase, 6-Pgluconelactonase and 6-P-gluconate dehydrogenase (GND) form a gene cluster (zwfgndA-pgl; Mfla917-919 and Mfla1061-1063) in which gndA and zwf are co-transcribed while pgl is transcribed in the opposite orientation, and this cluster is present in two copies, one of which is part of the extended identical repeat. An additional copy of gnd (gndB, Mfla2599) is present in the genome. This latter gene encodes an enzyme 70% identical to GND translated from the genome of Methylococcus capsulatus while it is only 28% identical to gndA. We have previously demonstrated that overexpressing gndA leads to an increase in GND activity linked to NAD, while the NADP-linked activity remains unaffected (7) . Likely, gndB is responsible for the latter activity.
Formate oxidation
Genes for a formate dehydrogenase (FDH, Mfla718-722) homologous to the one encoded in the genome of M. capsulatus (44) were identified in the genome. In addition, a gene is present (Mfla338) homologous to the gene recently identified as responsible for a novel FDH (FDH4) in M. extorquens (Chistoserdova and Lidstrom, unpublished) .
Formaldehyde assimilation
The assimilatory RuMP cycle branches from the dissimilatory RuMP cycle at the level of 6-P-gluconate (1). Previous enzyme evidence suggested that the 6-P-gluconate dehydratase (KDPG)/ ketodeoxy-P-gluconate aldolase/transaldolase version of the RuMP cycle must be operational (30) . Indeed, genes for all the enzymes involved are identifiable in the genome (Fig. 1) . A total of three genes were identified encoding pentose phosphate isomerase (Mfla129, 962, and 1106), the latter two are identical copies (as a result of the extended repeat) having 41% amino acid identity with the former. Pyruvate is the 'end product' of the RuMP cycle in M. flagellatus (Fig. 1, 1) . To provide necessary cell constituent precursors, reactions converting pyruvate or acetylCoA into phosphoenolpyruvate (PEP) and oxaloacetate (OAA) are necessary (1). We were able to identify putative genes for PEP synthase (Mfla2203) and pyruvate kinase (Mfla2244) that are likely responsible for interconverting pyruvate and PEP. We also identified a putative gene for pyruvate carboxylase (Mfla1511) that may be responsible for converting pyruvate into OAA. In addition, a gene was identified encoding a product homologous to the alpha subunit of OAA decarboxylase (Mfla1512), another enzyme capable of converting pyruvate into OAA. However, we were not able to identify genes for the beta and gamma subunits associated with this activity (10) . An alternative way of synthesizing PEP would be from glyceraldehyde phosphate (GAP) as shown in Fig. 1 .
This proposed metabolic loop could serve to balance the levels of pyruvate, GAP and PEP in the cell. Genes are also present for interconverting succinate and succinyl-CoA (Mfla1888, 1889). However, we were unable to make prediction as to how succinate or succinyl-CoA may be made to be parts of central metabolism.
Polysaccharide synthesis
Methylotrophs employing the RuMP cycle for formaldehyde assimilation are known to produce large amounts of exogenous polysaccharide (41, 45, 46) . The polysaccharide may be a means to balance carbon assimilation and energy generation in specific conditions, a means for detoxifying formaldehyde (38) , or an agent essential for existence of these microbes in the environment (for example, function in biofilm formation; 4). This metabolic peculiarity of methylotrophs has been explored in terms of commercial production of EPS as a food additive (45, 46) . two independent events. Considering the lack of other overlapping methylotrophy modules in Methylophilaceae and Burkholderiales, we propose that methylotrophy as a metabolic capacity evolved at least twice in Betaproteobacteria.
DISCUSSION
We described here the findings form the genome analysis of an obligate methanol and methylamine utilizer, M. flagellatus strain KT that represents a large and environmentally abundant group of methylotrophs belonging to the family Methylophilaceae (37) . In terms of methylotrophy functions, genome analysis revealed few surprises. Sets of genes encoding methylotrophy pathways previously predicted based on biochemical and genetic analyses (7, 15, 18, 30) were identified. Some of the methylotrophy genes were found in more than one, homologous or non-homologous copy. In addition, genes for enzymes converting pyruvate, the 'end product' of the assimilatory RuMP cycle into PEP and OAA were identified. M. flagellatus excretes large amounts of EPS during growth, equaling up to 20% of total biomass (41) . All the genes encoding gluconeogenesis enzymes are present in the genome, and these are implicated in EPS biosynthesis. On the contrary, operation of the Embden-MeyerhofParnas pathway is unlikely as no gene for phosphofructokinase is identifiable in the genome. As expected, genes for few known sugar transporters were identified in the genome. While a set of genes homologous to a fructose transport (PTS) system were identified, they are not predicted to encode a functional transporter (24, 31 FeIII TonB-dependent receptor homologs spoU homologs Figure 2 
